Purpose: Develop an algorithm to predict the success of laser peripheral iridotomy (LPI) in primary angle closure suspect (PACS), using pretreatment anterior segment optical coherence tomography (ASOCT) scans. Methods: A total of 69 eyes with PACS underwent LPI and time-domain ASOCT scans (temporal and nasal cuts) were performed before and after LPI. After LPI, success is defined as one or more angles changed from closed to open. All the pretreatment ASOCT scans were analysed using the Anterior Segment Analysis Program to derive anterior chamber angle (ACA) measurements. The measurements for each angle were ordered along with angle-independent measurements totalling to 42 measurements which serve as features for the prediction algorithm. Two masked glaucoma fellowship-trained ophthalmologists graded the pre-LPI ASOCT scans to determine whether LPI was likely to successful. Results: There were 42 (60.9%) eyes that fulfilled the criteria for success after LPI. Iris concavity, angle recess area (750 lm) and iris concavity ratio showed the highest predictive score and were selected using correlation-based subset selection method. These features were classified into two ('successful' and 'unsuccessful') categories using a Bayes classifier. The algorithm predicted the success of LPI with 79.28% cross validation accuracy, which was superior to the predictive accuracy of the ophthalmologists (kappa 0.497 and 0.636 respectively). Conclusion: Using pretreatment ASOCT scans, our algorithm was superior to ophthalmologists in predicting the success of LPI for PACS eyes. This novel algorithm could aid decision making in offering LPI as a prophylaxis for PACS.
Introduction
Primary angle closure glaucoma (PACG) is associated with a high rate of blindness (Congdon et al. 1992; Foster et al. 1996) , which is five times more than that from primary openangle glaucoma (Quigley et al. 2001) . The prevalence of PACG is between 1.0% and 1.4% in Asians 40 years and older (Hu et al. 1989; Foster et al. 1996) , and it is the leading cause of blindness in East Asian populations (Foster 2001; Casson et al. 2007 ). The annual cost of managing symptomatic primary angle closure in Singapore is substantial, and has been estimated to be between 260 000 and 290 000 US dollars. (Wang & Chew 2004 ) Asymptomatic primary angle closure is more common, accounting for 65-75% of angle closure in Asian people (Congdon et al. 1996; Yip & Foster 2006) . It is more visually destructive (Ang et al. 2004) and is likely to incur significantly higher healthcare costs than symptomatic angle closure.
The anterior segment optical coherence tomography (ASOCT) uses lowcoherence interferometry to obtain in vivo cross-sectional images of the entire anterior segment in one image frame (Radhakrishnan et al. 2001) . Anterior segment optical coherence tomography (ASOCT) allows a more objective and reproducible assessment of anterior segment structures (Sng e57 et al. 2012 (Sng e57 et al. , 2013 (Sng e57 et al. , 2014 Sng & Barton 2015) . It is a non-contact optical system, can be performed under standardized dark conditions, and can be operated with minimal expertise by a technician. Hence, it may have potential for use as an imaging tool to detect eyes with angle closure and monitor the effectiveness of laser treatment such as prophylactic laser peripheral iridotomy (LPI). The mechanism of angle closure disease is multi-factorial which is best characterized using the ASOCT (Liu 2011; Nongpiur et al. 2011; Shabana et al. 2012 ). This includes pupil block, plateau iris configuration, thick peripheral iris roll and increased anterior lens vault and combined mechanisms.
The objective of prophylactic LPI for primary angle closure suspect (PACS) eyes is to widen the anterior chamber angle, so as to prevent acute primary angle closure and reduce the risk of developing primary angle closure glaucoma (Ang et al. 2000; Lim et al. 2004 ). However, studies have shown that 20-35% of eyes with primary angle closure have residual angle closure after LPI (He et al. 2007a,b; Lee et al. 2011) , while LPI is associated with inherent risks of corneal damage, intraocular pressure spikes and dysphotopsia (Lim et al. 2006; Lee et al. 2014a,b; Vera et al. 2014) . Previous studies have identified ASOCT measurements which predicted an increase in anterior chamber angle width after LPI, but the predictive accuracy of these individual measurements was low and inconsistent when considered in isolation (Ang & Wells 2011; How et al. 2012; Ang et al. 2016) . We aim to develop a novel automated algorithm by combining multiple anterior segment measurements to increase the predictive accuracy of LPI success from ASOCT.
Materials and Methods
All the participants were recruited from a tertiary eye hospital in Singapore (National University Hospital) and written informed consent was obtained from all participants. The study was approved by the National Healthcare Institutional Review Board and performed in accordance with the Tenets of the Declaration of Helsinki. This is an observational prospective study which includes 99 eyes from 99 participants with PACS. Primary angle closure suspect (PACS) is defined as eyes with narrow angles on both indentation gonioscopy (posterior trabecular meshwork not visible for ≥180°and absent peripheral anterior synechiae) and ASOCT scan (peripheral iris-trabecular contact anterior to the sclera spur in either or both nasal and temporal angles). In addition, PACS eyes should have intraocular pressure (IOP) <21 mmHg and no evidence of glaucomatous optic neuropathy (vertical cup-to-disc ratio (CDR) ≥0.7 and/or asymmetric CDR > 0.2 and/or focal notching) and compatible visual field loss on Humphrey perimetry (Foster et al. 2002) .
Ocular examination and investigations
All the participants had a standardized ocular examination which included visual acuity (VA) measurement using logarithm of minimum angle of resolution (LogMAR) chart (Lighthouse International, New York, NY, USA), slit lamp examination (Haag-Streit model BQ-900, Haag-Streit, Switzerland), stereoscopic optic disc examination with a 78 dioptre lens (Volk Optical Inc, Mentor, Ohio), and IOP measurement with Goldmann applanation tonometry (Haag-Streit, Koeniz, Switzerland). Indentation gonioscopy will be performed using the Sussman four-mirror lens and graded using the Scheie (Scheie 1957) and Spaeth (Spaeth 1971) systems. Standardized visual field testing was performed with static automated whiteon-white threshold perimetry (Swedish Interactive Threshold Algorithm standard 24-2, Humphrey Field Analyzer II; Carl Zeiss Meditec, Inc., Dublin, CA, USA). A glaucomatous visual field defect was defined as the presence of three or more significant (p < 0.05) nonedge contiguous points with at least one at the p < 0.01 level on the same side of the horizontal meridian in the pattern deviation plot, and classified as 'outside normal limits' in the Glaucoma Hemifield Test.
Anterior segment imaging and measurement of anterior chamber parameters Anterior segment optical coherence tomography (ASOCT) scans (VisanteTM, Carl Zeiss Meditec) was performed under standardized dim illumination by a trained ophthalmic technician (masked to participants' clinical data) to incorporate both the nasal and temporal ACA in a single scan. In order to achieve optical axis alignment, attempts were made to ensure the scans had a clear cornea reflex. Each eye was imaged three times and a single observer (VK) selected the image with the best quality for analysis. A customized and validated software (Anterior Segment Analysis Program (ASAP), National University Hospital, Singapore) was used to provide quantifiable parameters of the anterior chamber which include anterior chamber depth, anterior chamber area, angle recess area, anterior chamber volume, anterior chamber width, angle opening distance, angle recess area, lens vault distance, iris thickness, iris concavity and trabecular-iris space area (Shabana et al. 2012) . The anterior chamber depth was measured between the anterior surface of the lens and the corneal endothelium along the central axis. The anterior chamber area was defined as the area surrounded by the anterior surface of the iris, the lens within the pupil and the endothelial surface of the cornea. The anterior chamber volume was derived by rotating anterior chamber area 360°around a vertical axis. Angle opening distance at 750 lm (AOD750) was defined as the perpendicular distance from the corneoscleral wall at 750 lm anterior to the scleral spur to the iris. Angle recess area (750 lm) was defined as the triangular area formed by the ACA with a line joining a point on the inner corneoscleral wall (750 lm from the scleral spur) and the iris. Trabecular iris space area at 750 lm was the trapezoidal area with borders comprising the anterior iris surface, the inner corneoscleral wall, AOD750 and by a perpendicular line to the plane of the inner corneoscleral wall drawn from the scleral spur to the opposing iris. Lens vault was the maximum perpendicular distance from a horizontal line between the two scleral spurs to the anterior surface of the lens. Iris thickness at 750 lm from the scleral spur was measured. The iris thickness (dilator muscle region) was measured halfway between the scleral spur and pupil margin and the iris thickness (sphincter muscle region) was measured at 0.75 mm from the pupil margin. Iris concavity was defined as longest perpendicular distance between the chord length to the posterior surface of the iris. Chord length refers to the distance along a straight line drawn between the iris root and the pupil margin. Iris concavity ratio was defined as the ratio of the iris concavity to chord length.
All the eyes with PACS underwent sequential Argon-YAG laser peripheral iridotomy (LPI) by a group of trained ophthalmologists. For Argon laser photocoagulation, the standardized settings included power 800-1000 mW, spot duration 60-80 ms and spot size 50 lm. After which the iridotomy site was enlarged using YAG laser (energy between 2-3 mJ). After LPI, all the patients were prescribed with topical steroids for 1-week duration. Anterior segment optical coherence tomography (ASOCT) scans were performed before and 1 month after LPI. All the post-treatment scans were graded by a trained ophthalmologist to one of the following categories: (a) both angles open, (b) one of two angles open and (c) both angles closed. The angle is defined as closed if there is irido-trabecular contact anterior to the scleral spur on the ASOCT image. After LPI, success is defined as one or more angles changed from close to open on the ASOCT images (Fig. 1) . Only ASOCT scans with sufficient quality and if the scleral spur can be identified were selected for analysis. All the pretreatment ASOCT scans were analysed using the validated Anterior Segment Analysis Program (ASAP) to derive 76 ACA measurements (for both angles) which serve as features for a subsequent prediction algorithm (Sng et al. 2014 ). In addition, two masked observers graded all the pre-LPI ASOCT scans separately to determine if LPI is likely to be successful based on the aforementioned criteria. Both observers are fellowship-trained glaucoma specialists.
Determination of ASOCT parameters and algorithm to predict success of LPI In total, 42 ASOCT measurements were derived for both the nasal and temporal angles of each eye. The ASOCT measurements were first compared between pre and post-LPI and then subsequently between successful and unsuccessful LPI. This step aids in feature selection process as shown below. In brief, S L and S R are defined as vector sets containing pre-LPI measurements for temporal and nasal angles of the right eye and nasal and temporal angles for the left eye respectively. The ASOCT parameters were included in the following formula: S = S L ∪ S R = {S 1 , S 2 , ÁÁÁ S n } where S 1 ÁÁÁ S n are d-dimensional measurement and n is the total number of samples. Similarly, L represent the ground truth (ophthalmologists' grading of whether angles are open or closed) and the values were included in the following formula: L = {l 1 , l 2 , ÁÁÁ, l n } where l i = 0 (unsuccessful LPI) and l i = 1 (successful LPI). This forms the supervised binary classification algorithm that consists of the following stages ( Fig. 2 
):
Feature selection Not all the 42 features contain useful and discriminative information for prediction or classification; besides, the increased number of features with limited number of samples may lead to selection biases and decrease the prediction performance (Hall 1999; Bishop 2006) . Therefore, a subset of features with discriminatory properties is selected for next stage classification and a correlation based subset selection method was used to select the features with highest predictive information.
Model learning and classification
After the features were selected, a binary classifier was used to classify the samples into two classes of successful and unsuccessful i.e. l i = 0 or l i = 1. In our experiments, Support Vector Machine classifier performed better or similar to several other classifiers we tested including Na€ ıve Bayes, Random Forest, and Neural Network.
Statistical analysis
Statistical analysis was performed using the statistical package Statistical Package for Social Sciences (SPSS) Version 21 (SPSS, Chicago, IL, USA). Comparison of ASOCT parameters before and after LPI was assessed using the paired-t test. p Values < 0.05 were considered statistically significant. The statistical analysis for the proposed algorithm including feature selection and model classification has been described in detail as above. Intraclass correlation analysis was performed for 20 ASOCT scans using the angle recess area at 750 lm measurements derived from the ASAP algorithm. Cohen's kappa analysis was performed to determine the agreement between the two masked graders and compared to the actual success rates of LPI based on post-LPI ASOCT scans.
Results
In total, there was 99 PACS eyes but we excluded 12 eyes without post-LPI ASOCT scans. Of the remaining 87 eyes, we further excluded 18 eyes for poor image quality and we included 69 eyes for final analysis. The reasons for poor image quality included poorly defined outlines of the ACA (9), inability to identify the scleral spur (8) and the eyelid obscuring at least one of the ACA (1). The intraclass correlation coefficient of area recess area at 750 lm was 0.878 (95% confidence interval 0.842-0.923). Table 1 showed the demographics and ocular characteristics of the participants. Out of 69 eyes, 42 (60.9%) eyes fulfilled the success criteria, 27 (39.1%) eyes were not successful after LPI. Table 2 compared anterior chamber, ACA and irisrelated ASOCT parameters before and after LPI. Compared to pre-LPI, there was a significant increase in anterior chamber depth, angle opening distance, trabecular-iris space area, angle recess area and reduction in lens vault, iris thickness (sphincter muscle region), iris thickness (500 lm), iris concavity and iris concavity ratio after LPI. Table 3 compared pre-LPI ASOCT parameters which were successfully and unsuccessfully treated after LPI. Based on pre-LPI ASOCT scans, successful prophylactic LPI was associated with a smaller anterior chamber area, thinner iris thickness, increased iris concavity and increased iris concavity ratio.
Among the 42 features, three features including iris concavity, angle recess area (750 lm) and iris concavity ratio had the highest predictive score and they were selected using correlation-based subset selection method (Fig. 3) . These features were classified into two ('successful' and 'unsuccessful') categories using a Support Vector Machine classifier. In total there were 138 samples (nasal and temporal for 69 eyes), each of which is a set of 42 ACA measurements. The cross-validation procedure was based on 111 measurement sets (27 were removed due to invalid results from the ASAP software). The proposed classifier was used to predict the success/failure of LPI for all the 111 measurement sets using leave-one-sample-out cross-validation. From the total of 111 predictions, 88 samples showed the correct prediction. The success of LPI in eyes with narrow angles can be predicted with 79.28% (88/111) cross-validation accuracy (Table 4) . Comparing the agreement in predicting success of LPI, the kappa values for the two glaucoma fellowship-trained ophthalmologists were 0.497 (fair) and 0.636 (moderate) respectively. Comparing the agreement between the two graders, the kappa value was only 0.463 (fair).
Discussion
Our study has provided a novel automated algorithm for determining the anatomical success of LPI with an accuracy of approximately 80%. The significant determinants of LPI success were iris concavity, angle recess area (750 lm) and iris concavity ratio measured from pre-LPI ASOCT scans. This automated algorithm was superior to glaucoma fellowship-trained ophthalmologists in terms of predictive accuracy.
To the best of our knowledge, this is the first attempt to combine multiple anterior segment measurements to predict LPI success, while most previous studies investigated anterior segment parameters as independent variables. We defined anatomical success as a change of the angle from closed to open (Ang & Wells 2011) , while other studies used an increase in AOD as a surrogate measure of LPI success (How et al. 2012; Han et al. 2014 ). This may be inappropriate as iridotrabecular contact can still be present despite an increase in AOD. We only included PACS eyes in our study as the effect of LPI would not be confounded by peripheral anterior synechiae. A predictive algorithm for LPI success would arguably benefit PACS eyes more than angle closure eyes with raised IOP or glaucomatous optic neuropathy, for which early cataract surgery has become the preferred treatment modality (Azuara-Blanco et al. 2016).
Our novel automated algorithm is superior to glaucoma fellowship-trained ophthalmologists in predicting the success of LPI. Currently, no other studies have compared the predictive accuracy of ASOCT measurements with that of clinicians. In our study, the kappa values for the two glaucoma fellowshiptrained ophthalmologists were only 0.497 and 0.646, with inter-observer agreement being fair at best (0.463). This may be because certain variables in the algorithm e.g. iris concavity may be easy for the clinician to determine, but other variables such as ACA and IT may be difficult to assess without the aid of computer software. Multiple mechanisms of angle closure may also co-exist in the same eye, complicating the clinical assessment of ASOCT scans.
In our study, 60.9% of eyes achieve success after LPI, which is consistent with the findings of previous studies (He et al. 2007a,b; Yao et al. 2009; Lee et al. 2011) . This is likely due to the presence of other mechanisms of angle closure such as plateau iris syndrome, anterior lens vault or thick peripheral iris which may not respond to LPI. Pupil block still remains the most common mechanism of angle closure and is eliminated by LPI. The prevalence of primary angle closure is more common in the Asian population compared to other races (Cho & Kee 2014) . However, the benefits of prophylactic LPI for PACS remain contentious e60 which highlights the importance of providing information on the likelihood of anatomical success of LPI. Laser peripheral iridotomy is justified by an anticipated reduction in the risk of angle closure glaucoma and acute primary angle closure, (Ang et al. 2000; Thomas et al. 2003; Jiang et al. 2014) but the incidence of both conditions are relatively low. The costeffectiveness of such a prophylactic intervention is currently unknown (Sun et al. 2016 ). Plateau iris syndrome (which occurs in one-third of eyes with PACS) and a prominent lens vault are other mechanisms of angle closure which are not addressed by LPI, and could result in residual angle closure and eventual glaucomatous damage after LPI (He et al. 2007a,b; Sihota et al. 2010; Lee et al. 2011; Peng et al. 2011) . Compared to LPI alone, Cho et al. (2017a,b) showed that combined LPI and iridoplasty are more effective in relieving irido-trabecular contact in eyes with shallow anterior chamber angles. The authors postulate that peripheral iridoplasty additionally address non-pupillary block components while LPI alone only removes the pupillary block. In addition, LPI is associated with complications including cornea decompensation, malignant glaucoma, linear photopsia, hyphema and IOP spike (Lim et al. 2006; Lee et al. 2014a,b; Vera et al. 2014) . The Eagle trial has indicated that lens extraction is more effective than LPI as a first-line treatment for primary angle closure, when IOP is raised or glaucomatous optic neuropathy is present (Azuara-Blanco et al. 2016 ). However, more data are required to justify early lens extraction for PACS as these are asymptomatic eyes. With the assistance of our automated algorithm, the clinician can better identify the PACS eyes which will not benefit from LPI and should be managed conservatively. Our study identified iris concavity, angle recess area (750 lm) and iris concavity ratio from pre-LPI ASOCT scans as significant predictors of successful relief of irido-trabecular contact after LPI. Studies have shown that after LPI, there is consistent flattening of the iris profile. (Ang & Wells 2010; How et al. 2012) In addition, How et al. reported a reduction in iris thickness and area after LPI in a population of Chinese eyes from Singapore (Kumar et al. 2009 Mansoori et al. 2016 ). In our study, there was a significant reduction in both the lens vault and iris thickness after LPI which is consistent with previous studies (Lee et al. 2013a,b; Zebardast et al. 2016 ). This further indicated that LPI may help to improve ACA characteristics via other means apart from reducing iris concavity. Previous studies have shown conflicting predictors of angle opening after LPI. In Japanese eyes with angle closure, Ang et al. (2016) showed that after LPI, the only significant predictors of angle widening was greater baseline lens vault. but this is a weak association (standardized coefficient = 0.27, p = 0.08). In a mixed population comprising White and Asian participants, Huang et al. (2012) reported a smaller cross- sectional iris area (standardized coefficient = À0.292, p = 0.015) and larger iris curvature (standardized coefficient = 0.239, p = 0.021) were significantly associated with angle widening after LPI. Lee et al. (2013a Lee et al. ( ,b, 2014a reported that a lower baseline anterior chamber angle measurements including angle recess angle (750 lm) and a thinner iris thickness were associated with a significant increase in post-LPI anterior chamber angle width. This could be attributed to the differences in methodologies, definition of angle closure, presence of multiple mechanisms of angle closure concurrently in the same eye and ethnic composition of participants (Wang et al. 2013 ).
There are limitations to our study, which should be considered in the interpretation of our results. First, it may not be possible to correctly identify the scleral spur from poor quality scans. The scleral spur may also be partially masked by other angle structures. Second, we only utilized a single horizontal scan incorporating the nasal and temporal ACA, and this may not be representative of the changes in the rest of the ACA. Third, the relatively small sample size of our study comprising only Asian subjects from a single centre can potentially introduce selection bias. There are ethnic-specific differences in angle closure mechanisms and parameters based on ASOCT (Leung et al. 2010; Nongpiur et al. 2010; Seager et al. 2014) . Hence, the results of our study have to be generalized with caution to the other populations.
In conclusion, our study described a novel automated algorithm for predicting LPI success in PACS, with an accuracy of approximately 80%. This is superior to the clinical judgment of ophthalmologists in assessing the pre-LPI scans. The incorporation of such an algorithm in ASOCT analysis can assist the clinician in determining whether LPI should be performed for PACS eyes. 
